The ability to detect and respond to oxidative stress is crucial to the survival of living organisms. In cells, sensing of increased levels of reactive oxygen species (ROS) activates many defensive mechanisms that limit or repair damage to cell components. The ROS-signaling responses necessary for cell survival under oxidative stress conditions remain incompletely understood, especially for the translational machinery. Here, we found that drug treatments or a genetic deficiency in the thioredoxin system that increase levels of endogenous hydrogen peroxide in the yeast Saccharomyces cerevisiae promote site-specific endonucleolytic cleavage in 25S ribosomal RNA (rRNA) adjacent to the c loop of the expansion segment 7 (ES7), a putative regulatory region located on the surface of the 60S ribosomal subunit. Our data also show that ES7c is cleaved at early stages of the gene expression program that enables cells to successfully counteract oxidative stress and is not a prerequisite or consequence of apoptosis. Moreover, the 60S subunits containing ES7c-cleaved rRNA cofractionate with intact subunits in sucrose gradients and repopulate polysomes after a short starvation-induced translational block, indicating their active role in translation. These results demonstrate that ES7c cleavage in rRNA is an early and sensitive marker of increased ROS levels in yeast cells and suggest that changes in ribosomes may be involved in the adaptive response to oxidative stress.
Cells of the budding yeast Saccharomyces cerevisiae regularly encounter stressful conditions in their environment, including fluctuations in temperature, pH, nutrient availability, and exposure to toxic compounds. It is not surprising that these unicellular eukaryotes have evolved a wide range of sophisticated survival mechanisms to combat adverse effects of stress and adapt to new conditions. One of the best-studied environmental stressors is the exposure to elevated levels of reactive oxygen species (ROS), 2 a condition also known as oxidative stress. In addition to extracellular environment, ROS can be also generated from intracellular sources, such as mitochondria and the ER (reviewed in Ref. 1) . ROS are highly reactive chemical products that include superoxide anions (O 2 . ), H 2 O 2 , and the hydroxyl radicals (OH ⅐ ), formed upon incomplete reduction of oxygen. ROS-induced damage to cellular components including DNA, lipids, and proteins contributes to a variety of pathologies and aging (2, 3) . To fight deleterious effects of ROS, cells possess an arsenal of enzymatic and non-enzymatic defense systems (4, 5) . Enzymatic components for scavenging ROS and maintaining the proper redox state include thioredoxin-dependent peroxiredoxins, superoxide dismutases, glutathione peroxidases, and catalases. These enzymes often have specialized functions within the cell that differ by the target substrate on which they act, cellular compartment where they function, mode of expression, and mechanism of catalysis (4) . Aside from causing cell damage, ROS also play roles beneficial for the organism. For example, at low concentration, ROS can provide protection from invading pathogens, participate in tissue repair, and control gene expression (discussed in Ref. 6 ). Moreover, the accumulated body of evidence indicates that ROS, especially H 2 O 2 , can serve as intracellular messengers to regulate various physiological processes (7) . At low doses, hydrogen peroxide specifically reacts with sensor molecules in the cell in a process termed redox signaling (8) . In its role of a signal transducer, H 2 O 2 regulates a range of cellular responses that help cells to adapt to the continuously changing environment (9) .
Although cellular H 2 O 2 -sensing pathways are still not completely understood, one well-characterized mechanism in both prokaryotes and eukaryotes relies on transcription factors that regulate expression of antioxidant genes (9) . For example, H 2 O 2 -mediated oxidation promotes formation of an intramolecular disulfide bond between two Cys residues of the yeast transcription factor Yap1 and its cofactor Gpx3 (10, 11) . This interaction results in oxidized Yap1 that retains nuclear localization (12) and up-regulates transcription of a large number of stress-responsive genes (reviewed in Ref. 13 ). Among other proteins identified as H 2 O 2 -signal sensors are components of the antioxidant machinery (thioredoxins, peroxiredoxins), glycolytic enzymes, structural proteins (actin, myosin), and protein folding and degradation factors (heat shock proteins and components of the proteasome).
Translation, the process of protein synthesis that occurs in every living cell, is affected by elevated levels of ROS on many levels. Multiple studies have described oxidation of protein factors and enzymes involved in the initiation, elongation, and termination of translation (14 -17) , as well as oxidation-induced misacylation of aminoacyl-tRNA synthetases (18 -20) . These modifications may result in the inhibition of protein synthesis or a decrease of translational fidelity. Other examples include oxidation of mRNAs resulting in ribosome stalling and production of misfolded proteins prompted to aggregation (21, 22) ; alterations of post-transcriptional tRNA modifications leading to selective translation of codon-biased mRNAs for stress response proteins (23, 24) ; and fragmentation of mature tRNAs generating tRNA fragments (reviewed in Ref. 25) . It is thought that tRNA fragments can reprogram translation (26 -29) , thereby fine-tuning protein synthesis during stress conditions. In contrast to tRNAs, the question of how ROS may affect the abundant ribosomal RNAs (rRNAs) has received limited experimental attention. Ribosomal RNAs (25S, 18S, 5.8S, and 5S rRNAs in yeast) constitute the structural and functional core of the ribosome (30) and are essential for ribosome function in translation. Previous studies found that high-level oxidative stress capable of inducing cell apoptosis results in extensive fragmentation and subsequent degradation of 25S and 5.8S rRNAs (31) . However, little is known about how these complex macromolecules are affected by disruptions in redox homeostasis that are not accompanied by cell lethality.
In this study, we demonstrate that treatment of yeast cells with sublethal doses of oxidants causes cleavage in expansion segment 7 (ES7) of 25S rRNA. ES7 is an rRNA extension that is universally present in eukaryotic ribosomes and predicted to possess a regulatory function (32, 33) , although its precise role remains unknown. Remarkably, our data indicate that ES7 undergoes hydrolysis following even slight perturbations in redox balance. Moreover, ES7c cleavage is not a part of cell death but coincides with early events in the gene expression program that leads to the successful adaptation to oxidative stress. This is the first study to describe a direct involvement of an rRNA molecule in the oxidative stress response.
Results

DTT treatment induces endonucleolytic cleavage within the ES7c region of 25S rRNA
The initial question we were addressing in our studies was how cells deal with ribosomes stalled in translation because of aberrations/misfolding of nascent peptide chains. We subjected cells to various conditions known to cause nascent chain misfolding, including high temperature (38 and 40°C), treatments with ethanol, aminoglycosides (hygromycin B and G418), and proteotoxic derivatives of proline (L-azetidine-2carboxylic acid) and arginine (canavanine) (34) . Notably, none of these conditions affected the integrity of rRNAs, as assessed by hybridization analysis of RNA extracted from the stressed cells ( Fig. 1A) . Surprisingly, treatment of cells with DTT, an agent known to reduce cysteine thiols and cause protein misfolding (34) , resulted in the appearance of a distinct rRNAderived fragment ( Fig. 1A) detected with the rRNA-specific probe y540 complementary to the 5Ј end of 25S rRNA (Fig. 1B) . This effect of DTT was dose-dependent and affected 25S rRNA but not 18S rRNA ( Fig. 1A ), suggesting that it is specific to the large ribosomal subunit.
To investigate the rRNA-destabilizing effect of DTT further, we performed a time course analysis using a strain lacking TSA1, a gene that provides tolerance to DTT exposure (35) . The tsa1⌬ mutant, previously identified in a genetic screen for increased DTT sensitivity, was confirmed to be highly sensitive to this drug ( Fig. 1C ) and showed increased generation of the 25S rRNA fragment over time ( Fig. 1D ). Next, we used experimental conditions upon which 25S rRNA was excessively cleaved in tsa1⌬, but not in wild-type cells (2 h of treatment with 20 mM DTT; Fig. 1D ) to map the cleavage site in 25S rRNA. First, we hybridized RNA prepared from DTT-treated and untreated wild-type and tsa1⌬ cells with radiolabeled 25S rRNA probes y540 and y503 (Fig. 1B) . The 5Ј rRNA probe y540 detected a 5Ј shorter fragment (ϳ600 bases) of 25S rRNA (Fig.  1 , D and E), whereas probe y503, which anneals ϳ1500 nucleotides downstream of y540 ( Fig. 1B) , detected a larger 3Ј fragment (ϳ2.8 kb) in DTT-treated tsa1⌬ cells ( Fig. 1E ). This result indicates that in response to DTT treatment, 25S rRNA undergoes endonucleolytic cleavage in the region located between the y540 and y503 hybridization sites ( Fig. 1B ). Using primer extensions on 25S rRNA from wild-type and tsa1⌬ cells, we detected novel reverse transcriptase stops appearing after 20 mM DTT treatment at positions corresponding to cleavage after nucleotides 610 and 611 ( Fig. 1F ). This site is located within ES7c (Fig.  1G ), one of the largest rRNA extensions present in the eukaryotic ribosome (36, 37) . Hereafter, we will refer to the identified cleavage of 25S rRNA within the ES7 region as "ES7c cleavage."
Although the precise role of ES7 in ribosome function is unknown, structural studies have revealed its high accessibility on the 60S subunit surface and predicted its involvement in recruitment of various protein factors (33) . In support of the structural analysis data, recent in vitro pulldown assays identified 36 proteins that interact with the ES7 region, including aminoacyl-tRNA synthetases, protein quality control factors, and chaperones (32) , supporting the idea that ES7 functions as a regulatory part in the ribosome.
ES7c cleavage is not part of the unfolded protein response
Stability of rRNA in cells subjected to multiple proteotoxic stress conditions ( Fig. 1A ) indicated that ES7c cleavage was not triggered by nascent chains misfolding and that DTT induces 25S rRNA cleavage by a different mechanism. Given that DTT causes ER stress and activates the unfolded protein response (UPR) (38) , we asked whether cleavage of 25S rRNA was a consequence of an activated UPR. To address this possibility, we examined the effects of deleting the ER-stress transmitter gene IRE1, critical for mounting the UPR (39), using tsa1⌬ cells, which showed efficient ES7c cleavage formation in response to DTT (Fig. 1 , D and E). To confirm that the UPR was suppressed in the generated ire1⌬ strains, we monitored the formation of the spliced form of the HAC1 gene, HAC1 i , which gives rise to the transcriptionally competent Hac1 factor necessary for transcription of UPR-responsive genes (40) . As expected, HAC1 i formation was completely blocked in ire1⌬ and tsa1⌬ire1⌬ strains after ER stress induced by treatment with DTT or another classic ER stress inducer, tunicamycin (Tm; Fig. 2 A, wild-type BY4741 cells were treated for 4 h with different stressors in synthetic medium (canavanine (Can) and L-azetidine-2-carboxylic acid (AZC) treatments, first three lanes) or YPDA medium (treatments with DTT, hygromycin B (HygB), geneticin (G418), ethanol (EtOH), and elevated temperatures). Ϫ indicates that no drugs or elevated temperature were applied to the culture. RNA was extracted and analyzed by Northern hybridizations with 32 P-labeled 25S rRNA probe y540 and 18S rRNA probe y500. For the hybridization with probe y540, two exposures are shown. The asterisk denotes a fragment derived from 25S rRNA. The positions of full-length rRNAs are indicated on the right. B, schematic representation of the hybridization sites for 25S rRNA oligonucleotide probes y503 and y540 relative to the position for the observed endonucleolytic cleavage. C, mid-log tsa1⌬ culture and its isogenic wild-type control (BY4741) were adjusted to the same cell density; 2 ϫ 10 6 cells were serially diluted (1:5), plated onto YPDA agar plates with or without 8 mM DTT, and incubated at 30°C for 3 days. D, overnight cultures of wild-type and tsa1⌬ cells were diluted with YPDA to an A 600 of ϳ0.3 and grown for 2 h. DTT was added to the final concentration of 20 mM. Total RNA was extracted at the indicated time points and analyzed by hybridization with 25S and 18S rRNA probes. E, cells were processed as described in D, except that DTT was added (ϩ) or not (Ϫ) for 2 h. RNA was analyzed with two 25S rRNA probes, y540 and y503. Methylene blue (MB) staining of one of the membranes is shown, and the positions of full-length 25S rRNA and major cleavage fragments are indicated. F, RNA from E was used for primer extensions to map the ES7c cleavage site. Primer extension reactions were separated on a 6% polyacrylamide/urea gel next to a sequencing reaction. G, the secondary structure of the ES7 region, adapted from the RiboVision website (apollo.chemistry.gatech.edu/RiboVision/; please note that the JBC is not responsible for the long-term archiving and maintenance of this site or any other third party hosted site).
rRNA cleavage is an early marker of oxidative stress tom panel). An ES7c cleavage fragment formation induced by DTT still occurred in the tsa1⌬ire1⌬ cells, but it was not observed after Tm treatment in either of the strains (Fig. 2 , top panel). Taken together, these data indicate that cleavage of 25S rRNA in the ES7c region is not part of the UPR.
DTT treatment induces ES7c cleavage by increasing H 2 O 2 levels
Having established that ES7c cleavage does not occur because of DTT acting as an activator of proteotoxic stress or the UPR, we next sought to investigate whether it may be related to the property of DTT to generate hydrogen peroxide as a by-product of its oxidation (41) (42) (43) (44) (45) (46) . The ability of DTT and other thiols to act as a source of ROS in cells depends on multiple environmental and cellular factors including thiol concentration and the availability of metal ions, chelators, and activity of radical scavengers in the cell (43) . This side of DTT was investigated primarily in mammalian cell culture studies (42, 43, 46) , and the extent of this potential effect of DTT in yeast cells was unclear.
To address the hypothesis that ROS production mediates the effects of DTT treatment on RNA integrity, we first measured H 2 O 2 levels in yeast cultures treated with DTT using Amplex Red hydrogen peroxide assays. Because H 2 O 2 readily diffuses through the plasma membrane and exists in the intra/extracellular equilibrium, Amplex Red measurements of extracellular H 2 O 2 reflect its presence inside the cell (43, 47) . Indeed, we found that treatment of wild-type cells with DTT resulted in a significant increase of H 2 O 2 over time when compared with control untreated cells ( Fig. 3A) .
To confirm a functional connection between DTT-induced H 2 O 2 production and DTT-induced ES7c cleavage, we used a dual approach. First, we examined ES7c cleavage in response to DTT in cells pretreated with the hydrogen peroxide scavenger ebselen (48) . Because of ebselen sensitivity to light, this assay was conducted in a tsa1⌬ strain, which demonstrates fast kinetics of ES7c cleavage in response to DTT (Fig. 1D ). Hybridization analysis of rRNA revealed that the presence of ebselen in media before and during incubation of tsa1⌬ with DTT significantly decreased ES7c-fragment formation (Fig. 3B ). This is consis-tent with the idea that DTT causes ES7c cleavage by promoting generation of H 2 O 2 . As a second approach, we tested rRNAs extracted from wild-type cells treated with various drugs known to increase cellular H 2 O 2 levels. Similar to DTT, treatments with redox-cycling agents (menadione and plumbagin) or inorganic hydrogen peroxide promoted formation of ES7ccleaved fragments (Fig. 3C ). The combination of these data strongly supported the possibility that production of hydrogen peroxide mediates 25S rRNA cleavage in the ES7c region in response to DTT.
ES7c cleavage represents an early response to low-level oxidative stress and is not a consequence of yeast apoptosis
Menadione and hydrogen peroxide are two oxidants often used as extracellular stressors of yeast cells because of their good stability in medium and high cell wall/membrane permeability. Interestingly, these drugs can trigger different cellular responses depending on the drug concentration and duration of treatment (49) . Previous studies have shown that rRNA fragmentation can occur in response to activation of an apoptotic program in yeast cells (31) . Although much harsher conditions were used in the previous studies to induce apoptosis (e.g. 600 M menadione for 200 min) (31), we asked whether treatment of cells with the lower oxidant doses that induced ES7c cleavage ( Fig. 3C ) might also be inducing the yeast death program.
First, we tested whether deletion of genes involved in yeast apoptosis might prevent or decrease the formation of the ES7c cleavage. To this end, we analyzed strains deficient for the mitochondrial cell death effector gene AIF1 (50) and metacaspase gene YCA1 (51) . As in the wild-type control, treatment of aif1⌬ and yca1⌬ cells with low concentrations of menadione and hydrogen peroxide led to clear ES7c fragment formation ( Fig. 4A ).
Next, we tested the possibility that ES7c cleavage of 25S rRNA might be associated with an early apoptotic response occurring upstream of Yca1 and Aif1. Annexin V binding to phosphatidylserine exposed on the surface of apoptotic cells is an established marker for early apoptotic cells (52) . We assessed the percentage of annexin V-positive cells in yeast cultures that were subjected to various drug treatments ( Fig. 4B ). We observed no increase in the amount of annexin V-positive cells upon treatment with low concentrations of menadione (25 and 50 M) or 0.2 mM H 2 O 2 (Fig. 4B ). In contrast, incubation with apoptosis-inducing 2 mM H 2 O 2 (49) caused a 3-fold increase in the annexin V-positive cells population ( Fig. 4B ).
Our initial data showed that 25S rRNA undergoes ES7c cleavage upon mild oxidant treatment ( Fig. 3C ). Time course analysis demonstrated formation of detectable levels of the ES7c-cleaved rRNA after only 15 min of incubation with 50 M menadione ( Fig. 5A) . It was therefore possible that the endonucleolytic cleavage within the ES7c region might occur at the very beginning of the apoptotic program, prior to other detectable apoptotic events, or it could reflect cell death by a non-apoptotic mechanism. To address these possibilities, we directly assessed cell viability after treatments with different doses of menadione by performing clonogenic assays. The number of viable cells that formed colonies after treatment with 25 and 50 M menadione was not reduced when compared with untreated cells (Fig. 5B ), indicating that ES7c fragment forma- rRNA cleavage is an early marker of oxidative stress tion under these conditions (Fig. 5C , second and third lanes) was not a marker for impending cell death. By comparison, 100 M menadione resulted in a significant decline in the number of colonies, with only ϳ37% cells surviving ( Fig. 5B ). Consistent with this result, exposing cells to 100 M menadione strongly affected culture growth, whereas only modest growth delay was observed at 50 M, and there was virtually no detectable effect at 25 M (Fig. 5D ). Taken together, results presented on Fig. 5 (B-D) illustrate concentration-dependent effects of oxidants on cell growth and viability. For brevity, we will refer to the oxidant concentrations that do not reduce cell viability as "low dose" as opposed to concentrations that inhibit growth and induce cell death.
Sucrose gradient sedimentation analysis ( Fig. 5E ) revealed that the inhibitory effects of 100 M menadione on culture growth were accompanied by a severe inhibition of translation, as indicated by increased 40S, 60S, and monosome 80S fractions and a dramatic decrease in polysomes ( Fig. 5E , bottom right). In contrast, treatment of cells with 25 M menadione had no detectable effect on the polysome profile when compared with untreated cells (Fig. 5E, upper panels) , whereas 50 M menadione treatment resulted in a moderate translation inhibition (Fig. 5E, bottom left) . The dose-dependent effect of menadione on translation correlated well with the effects of this drug on culture growth and viability (Fig. 5 , B and D). 
rRNA cleavage is an early marker of oxidative stress
To better understand how ES7c cleavage is related to the extensive fragmentation of 25S rRNA observed during apoptosis (31), we assessed effects of different concentrations of menadione (25, 50 , and 100 M) on 25S rRNA. Hybridization of rRNAshowedthattheformationofanES7cfragmentwasdose-dependent and that treatment with a higher dose (100 M) of menadione led to generation of additional rRNA degradation products and increased smear in hybridizations with an rRNAspecific probe (Fig. 5 , C and F). The detrimental effect of 100 M menadione on cell viability (Fig. 5, B and D) is consistent with the activation of an apopotic program, accompanied by extensive RNA breakdown in the cell (31) . Similar to menadione's effect on 25S rRNA, exposure of growing wild-type cells to low concentrations of inorganic H 2 O 2 or plumbagin also resulted in 25S rRNA cleavage primarily in the ES7c region ( Fig. 3C ), whereas prolonged treatment with high doses of these oxidants caused extensive fragmentation of 25S rRNA (Fig. 5F ). Thus, our results revealed that the duration and strength of oxidative stress dictate the intensity of its effects on ribosomes. Based on these data, we conclude that endonucleolytic cleavage of ES7c can be initiated by oxidants at levels that are below the threshold needed for triggering cell death.
ES7c cleavage coincides with activation of early responders to redox imbalance
Our time course analysis (Fig. 5A ), oxidant titration assays (Figs. 3C and 5, C and F), sucrose gradient sedimentation anal-ysis ( Fig. 5E ), and cell viability data (Fig. 5, B and D) suggest that the ES7c cleavage is an early effect of ROS on ribosomes that occurs when cells have not lost viability or the capacity to combat ROS. Multiple studies have shown that at low levels, H 2 O 2 can function as a signaling molecule that promotes the oxidative stress response, a series of defensive mechanisms that serve to restrict the buildup of intracellular reactive oxygen species (discussed in Refs. 7, 9, and 53) . As part of this response, various ROS-detoxifying enzymes are employed including dismutases, catalases, peroxidases, and enzymes of the thioredoxin system (4). The oxidative stress response is a dynamic process that develops through multiple stages, with different genes undergoing up-and down-regulation (54) . Gene expression studies also revealed differential gene expression patterns dependent on the type, strength, and duration of the toxic stimuli (16, 54 -56) , indicating that this response can be tailored to a particular stress-inducing situation.
To understand at which stage of the oxidative stress response the ES7c cleavage might be initiated, we monitored the expression patterns of transcriptionally regulated early (TRX2 and TRR1) and late (CTT1 and CTA1) genes in cells following treatment with 0.2 mM H 2 O 2 for 30 min. For comparison, we used a longer, 2-h treatment with 2 mM H 2 O 2 that results in severe oxidative stress and apoptosis (Fig. 4B) (31) . Consistent with data from gene array studies (54, 55) , our qRT-PCR analysis showed a significant increase in the amount of all the tested rRNA cleavage is an early marker of oxidative stress mRNAs at the high dose of H 2 O 2 (Fig. 6A, dark bars) , whereas the short treatment with the low concentration predominantly induced expression of early "redox-control" genes TRX2 and TRR1 (54) but not catalases CTT1 or CTA1 (Fig. 6A, light bars) .
To obtain a more detailed picture of the dynamics of differential gene expression, we examined transcript levels of TRX2, CTT1, and TSA1 (a downstream target of Trx2) over time in cultures treated with 0.2 mM H 2 O 2 . The initial transcriptional activation of TRX2 was observed at 30 min of the H 2 O 2 treatment, signif-icantly declined within the next 30 min, and remained only slightly elevated in the following 7 h of the time course (Fig. 6B,  top panel) . Expression of TSA1 was slightly delayed compared with TRX2, peaking at 1 h (Fig. 6B, middle panel) , whereas CTT1 peaked significantly later during the time course, with maximum up-regulation observed at 4 -8 h (Fig. 6B, bottom  panel) . In agreement with previously published studies (54), induction of all these mRNAs by H 2 O 2 was abolished ( Fig.  6B ) in yap1⌬ cells lacking the transcriptional activator Yap1, rRNA cleavage is an early marker of oxidative stress a key element of oxidative stress response (discussed in Ref. 57 ).
To relate the expression of the oxidative stress-responsive genes to ES7c cleavage formation, we examined RNA from the same cells that were used for the RT-qPCR analysis (Fig. 6B) by Northern hybridizations with a 25S rRNA-specific probe. Consistent with the results shown above (Fig. 3C) , an ES7c cleavagederived rRNA fragment was readily evident at 30 min of 0.2 mM H 2 O 2 treatment of wild-type cells (Fig. 6, C and D, second lane) , at the time when the thioredoxin TRX2 mRNA is maximally induced (Fig. 6B) . Remarkably, ES7c fragment levels decreased upon longer treatment with the low H 2 O 2 concentration in wild-type cells (Fig. 6, C and D, left panels) , but not in yap1⌬ cells (Fig. 6, C and D, right panels) , suggesting that the cells exposed to low doses of H 2 O 2 undergo adaptation within the first hour, and this requires Yap1-dependent gene expression.
We next examined rRNA in strains deleted for thioredoxin genes to evaluate the functional connection between the thioredoxin system and ES7c cleavage. We reasoned that diminishing the protective ability of these major redox regulators should accelerate redox imbalance, and this should increase ES7c cleavage. In agreement with this prediction, deletion of TRX1, TRX2, or their transcriptional regulator YAP1 resulted in elevated amounts of the ES7c fragment upon treatment with 0. rRNA cleavage is an early marker of oxidative stress medium coincides with the activation of the thioredoxin system, which is considered one of the early responders to redox imbalance in the cell (54) .
ES7c cleavage occurs is response to endogenously generated ROS
In the experiments shown above, ES7c cleavage was observed after chemically inducing redox imbalance in cells. However, ROS are also produced as part of normal metabolism, raising the question of whether this rRNA cleavage can occur under native growth conditions. Increased levels of ROS generated as by-products of aerobic metabolism (discussed in Ref. 58) require up-regulation of numerous antioxidant genes during the shift from fermentative growth to respiration, including genes of the thioredoxin-dependent ROS scavenging system (55, 59 -61) . With this in mind, we examined 25S rRNA in wild-type and tsa1⌬ strains that were grown in synthetic complete medium for 20 h until they reached post-diauxic phase (Fig. 7C ). As expected from the critical ROS scavenging function of Tsa1, significantly higher levels of H 2 O 2 were present in post-diauxic tsa1⌬ cells in comparison with wild-type cells, as measured by an Amplex Red assay (Fig. 7D) . Northern hybridization analysis revealed accumulation of an ES7c cleavage product in post-diauxic tsa1⌬ cells but not in the matching rRNA cleavage is an early marker of oxidative stress wild-type culture (Fig. 7E) . These results indicate that cleavage of 25S rRNA in the ES7c region is part of a natural process that can be triggered by ROS generated endogenously.
ES7c-cleaved ribosomes are active during translation
To begin addressing the functional role of the ES7c cleavage, we performed polysome analysis in tsa1⌬ cells using DTT treatment conditions that generate readily detectable 25S cleavage products (Fig. 1D) . Consistent with previous reports (62) , DTT treatment decreased the amount of polysomes and led to a pronounced ribosome accumulation in the 80S (monosome) fraction (Fig. 8A, left panel) . Northern hybridization of RNA extracted from the gradient fractions showed ribosomes containing ES7c-cleaved 25S rRNA in polysome fractions ( rRNA cleavage is an early marker of oxidative stress 8A, left panel) , suggesting that this cleavage may occur during translation.
Next, we treated cell lysates with EDTA prior to loading onto gradients to split ribosomes into 40S and 60S subunits. The ES7c-cleavage fragment and full-length 25S rRNA were found together in the same 60S subunit peak after the EDTA treatment ( Fig. 8A, middle panel) , indicating that ES7c-cleaved 60S particles retain their overall structure and resist breakdown even after stripping of Mg 2ϩ ions. To further evaluate the possibility of cleavage in translating ribosomes, we included elongation inhibitor cycloheximide (CHX) during DTT treatment of tsa1⌬ cells. CHX suppressed DTT-induced redistribution of ribosomes to the 80S monosome peak (Fig.  8A, right panel) and effectively prevented the ES7c-cleaved fragment from redistribution from polysome-containing fractions to the 80S fraction.
Taken together, the above results suggest that ES7c cleavage can occur in intact ribosomes engaged in translation. However, the presence of ES7c-cleaved 60S subunits in polysomal fractions does not prove by itself that cleaved subunits remain part of an actively translating pool. To test for translational competency, we first repressed translation in cells by a short incubation in dextrose-free media. As shown in previous studies (63) , this reduces the amount of actively translated ribosomes and causes a shift from polysomes into the 80S fractions ( Fig. 8B, left  panel) . We next treated the dextrose-depleted cells with menadione to induce ES7c cleavage (Fig. 8B, middle panel) . When these cells were washed off the drug and resuspended in dextrose-containing medium, translation quickly recovered, as evidenced by redistribution of ribosomes from the 80S peak to polysomes (Fig. 8B, right panel) . Remarkably, ES7c-cleaved 25S rRNA moved to polysome fractions like the intact 25S (Fig. 8B,  right panel) , indicating that 60S subunits cleaved in the ES7c region were capable of reengaging 40S subunits and forming translationally competent complexes.
ES7c cleavage is induced during the hormetic response to oxidative stress
The appearance of ES7c-cleaved 60S subunits among the actively translated polysomes could reflect functions beneficial for cells under oxidative stress conditions. The ability of cells to mount an adaptive response by sensing increasing concentrations of ROS, such as H 2 O 2 , allows cells to survive conditions of severe oxidative stress, a phenomenon known as oxidative hormesis (64) . Several lines of evidence are consistent with the possibility that ES7c cleavage might be part of such an adaptive pathway: ES7c cleavage of 25S rRNA occurs rapidly in response to redox disbalance (Figs. 5A and 6C); it can be triggered by low, sublethal ROS levels, such as by failure to completely neutralize ROS produced endogenously (Fig. 7, C-E) ; and it is not a part of the cell death program (Figs. 4 and 5) . To further address the potential adaptive function of ES7c cleavage, we examined whether the low doses of oxidants that induce ES7c cleavage in our experiments are capable of increasing survival of cells subjected to severe oxidative stress conditions. Consistent with previous studies, 2 mM H 2 O 2 severely inhibited cell growth, but pretreatment with either 0.2 mM H 2 O 2 or 25 M menadione markedly improved growth when cells were later exposed to the high dose of H 2 O 2 (Fig. 9A ). Both drugs functioned as hormetic agents within the same pathway, because menadione cross-protected cells against H 2 O 2 . The observed growth inhibition in the culture treated with 2 mM H 2 O 2 was primarily due to a prolonged lag period following the treatment rather than a change in doubling time after the cells resumed growth (Fig. 9B) . Presumably, cells exposed to highintensity oxidative stress require time to repair damage (compare bars 1 and 4 in Fig. 9B ), whereas hormetic adaptation greatly shortens the recovery process (compare bars 4 -6 in Fig.  9B ). Low-dose oxidant pretreatment also alleviated the loss of viability observed in cells exposed to 2 mM H 2 O 2 (Fig. 9C) .
To determine whether the adaptive response induced by pretreatment with low-dose oxidants would protect rRNA in yeast ribosomes from the excessive breakdown associated with high doses of oxidants (Fig. 5F) , cells were incubated with 0.2 mM H 2 O 2 , 25 M menadione or left untreated and then exposed to 2 mM H 2 O 2 and collected after 120 and 200 min of the highdose treatment. Northern analysis of the rRNA showed that the severe oxidative stress resulted in intensive 25S rRNA fragmentation (Fig. 9D, lanes 3 and 4) , indicative of active apoptosis (31) . Applying low-dose H 2 O 2 or menadione prior to oxidative stress reduced 25S rRNA fragmentation (Fig. 9D, lanes 5, 6, 8,  and 9 ), consistent with a hormetic effect. Thus, pretreatment with low doses of oxidants not only rescues cell viability but also confers protection on the translation machinery from a destructive rRNAs degradation. Induction of ES7c cleavage by the hormetic doses of oxidants provides a strong indication that this change in ribosomes occurs as part of the adaptive oxidative stress response in budding yeast.
Discussion
Analysis of ribosomes in yeast cells subjected to various conditions that stress the translation machinery revealed that treatments with low doses of oxidants can cause site-specific cleavage of the large subunit rRNA adjacent to the c loop of ES7 (ES7c; Fig. 1G ). This cleavage was observed to occur rapidly in cells exposed to diverse chemicals capable of disturbing the redox balance, including classic oxidants, such as inorganic hydrogen peroxide, and those that generate H 2 O 2 indirectly, such as DTT. Our analyses have also shown that the effect of oxidants on ES7c is unlikely to be a consequence of proteotoxic stress, nor it is part of the UPR. The ES7c cleavage affects a limited number of ribosomes and does not correlate with a loss of cell viability, differing in this respect from the extensive rRNA breakdown previously shown to take place during apoptosis (31) . By studying the time course of the ES7c cleavage, we found that it occurs in unison with the activation of the thioredoxin system (Fig. 9E) , an early mechanism required for cell adaptation to acute oxidative stress (54) . Importantly, we also found that in cells with a defective thioredoxin system, ES7c can be cleaved even during natural accumulation of ROS under growth conditions requiring respiration, indicating that this is a physiologically relevant process and not an artifact of drug treatment. These results are strongly consistent with the model in which the ES7 cleavage in yeast ribosomes is part of an adaptive oxidative stress response (Fig. 9E) .
rRNA cleavage is an early marker of oxidative stress
What could be the functional consequences of breaking rRNA in a ribosomal subunit? Several types of changes in ribosomes have been described in bacteria subjected to harsh envi-ronments. For example, cleavages in rRNA observed during transition to stationary phase were proposed to provide a fast way of repressing protein synthesis (65) . In yeast, only a limited μ μ μ μ μ μ rRNA cleavage is an early marker of oxidative stress number of ribosomes is cleaved if the oxidant dose is survivable ( Fig. 5, A-C) , arguing against the scenario in which the ES7c cleavage simply serves to reduce global protein synthesis. Another possibility might be that cleavages in rRNA are not indiscriminate but rather target ribosomes damaged by ROS to remove them from the actively translating pool. Indeed, H 2 O 2 was shown to cross-link r-proteins to rRNA (66) and oxidize cysteine residues in r-proteins (67) . A precedent for rRNA cleavage by the RNase YbeY in defective 70S ribosomes during stress has been described in bacteria (68) . Given that ES7ccleaved yeast ribosomes appear to be translationally competent ( Fig. 8) , we consider it unlikely that cleavage of 25S rRNA within the ES7c region functions only to promote the disposal of dysfunctional ribosomes. An intriguing role has been proposed for rRNA cleavage by the stress-induced bacterial endoribonuclease MazF (69, 70) . It was found that instead of rendering ribosomes inactive, MazFinduced cleavage of 16S rRNA at the decoding center of 30S subunits generates a subpopulation of "specialized" ribosomes that selectively translate a small number of proteins required for survival during stress (69) . Targeting the small ribosomal subunits by MazF was therefore suggested to function as a stress-response mechanism (70) .
In our study, we found that yeast ribosomes cleaved in the ES7c region retain their translational competency, consistent with a non-degradative role of this cleavage. Based on the sedimentation properties of ES7c-cleaved 60S subunits ( Fig. 8 ) and the fact that ES7c cleavage can be triggered by mild stress that preconditions cells to high-intensity oxidative treatment ( Fig. 9 ), we currently favor the model in which this 25S rRNA cleavage alters the translational behavior of a subset of ribosomes to adapt the translation machinery to an ROS-rich environment. It remains to be determined what specific functions of the ribosome are affected by the cleavage. The low abundance and lack of biochemical features suitable for selective purification of ES7c-cleaved ribosomes currently hinder their analysis. Potential effects of rRNA cleavage in 60S subunits could involve interactions of nascent polypeptide chains with ribosome-associated chaperones, altered elongation speed of ribosomes, or their ability to overcome translational stalls. More work would be necessary to address these possibilities.
ES7 is a eukaryotic extension of the rRNA helix 25 that localizes on the surface of the 60S ribosomal subunit (30, 71) . This region is 210 nucleotides long in S. cerevisiae, lacks base modifications (72) , and folds into an evolutionarily conserved tripartite stem-loop structure (Fig. 1G ). Structural studies have predicted a regulatory function for ES7 because of its flexibility and accessibility (33, 36) , whereas recent biochemical evidence suggests that ES7 might be a docking area for multiple proteins (32) . Thus, changes in ES7 conformation and/or its interactions with proteins during oxidative stress could conceivably result in the opening of this part of 25S rRNA, providing access to a nuclease. Given the rapid kinetics of ES7c cleavage when yeast cells are subjected to ROS-inducing conditions, a useful practical application of our findings is that loss of integrity of this rRNA loop can serve as an early and sensitive biomarker of oxidative stress.
Experimental procedures
Yeast media, drugs, and treatment conditions
Wild-type BY4741 (MATa his3-1 leu2-0 met15-0 ura3-0) and its derivative KanMX6 deletion strains (tsa1⌬, ire1⌬, aif1⌬, yca1⌬, yap1⌬, trx1⌬, trx2⌬) were obtained from Open Biosystems. The tsa1⌬ ire1⌬ strain was generated by homology-based replacement of the TSA1 gene with a LEU2 cassette in the ire1⌬ strain by standard PCR-based techniques (73) . We used standard recipes for YPDA (1% yeast extract, 2% peptone, 2% dextrose, 10 mg/liter adenine) and synthetic drop-out medium. Unless indicated otherwise, overnight yeast cultures were diluted with fresh YPDA an A 600 of ϳ0.2 and grown for an additional 2-4 h at 30°C before each experiment.
The cells were treated with DTT (Sigma), H 2 O 2 (Sigma), menadione (Enzo), plumbagin (Acros Organics), tunicamycin (Calbiochem), and ebselen (TCI) as indicated in the text. To induce proteotoxic stress, YPDA-grown day cultures were shifted to 38 or 40°C for 2 h or incubated at 30°C for 2 h in the presence of the following drugs: 50 g/ml hygromycin B (Calbiochem), 40 g/ml G418 (Thermo Fisher), or 6% ethanol. For treatments with 2 g/ml canavanine (TCI) or 0.3 mM L-azetidine-2-carboxylic acid (TCI), day cultures were grown in synthetic medium without Arg for 2 h.
RNA extraction, Northern blotting, and signal quantification
Total RNA was isolated from cells using one-step extraction with formamide-EDTA as described in Ref. 74 . RNA was separated on 1.2% agarose gels containing 1.3% formaldehyde (75), transferred to nylon membranes (Hybond N; GE Biosciences), Figure 9 . Low doses of oxidants that induce ES7c cleavage promote cell resistance to severe oxidative stress. An overnight culture of wild-type BY4741 cells was diluted with YPDA to an A 600 of ϳ0.2 and grown for 4 h. The cells were then pretreated or not with low doses of menadione (25 M for 2 h, K3) or H 2 O 2 (0.2 mM for 30 min). Each culture was divided into two, and 2 mM H 2 O 2 was added for 200 min to one part to induce acute oxidative stress, after which cells were washed with fresh YPDA and analyzed. A, representative growth curves after the indicated treatments. B, lag time and doubling time of the cultures. All treatments were done in triplicate; the error bars represent S.D. C, viability of cells tested by serial dilution (1:5) of 2 ϫ 10 6 cells from each culture; the cells were incubated on a YPDA agar plate at 30°C for 3 days. D, 25S rRNA degradation analyzed by Northern hybridization. During high-intensity oxidative stress treatment, both 120-and 200-min time points were analyzed. Hybridization signals corresponding to full-length 25S rRNA and faster-migrating degradation products (dp) in each sample are shown as percentages of the total signal per lane. The asterisk indicates the ES7c-cleaved rRNA fragment. E, working model for rRNA cleavage as a sensor of H 2 O 2 during adaptation to oxidative stress. During normal growth, ROS produced by metabolic cellular processes are neutralized via the basal capacity of cellular ROS scavenger systems (sector 1). Slight increases in H 2 O 2 levels (H 2 O 2 1) trigger expression of enzymes from the redox-control group (including thioredoxin Trx2 and peroxiredoxin Tsa1). During this time, a fraction of ribosomes becomes cleaved in the ES7 region (sector 2). In addition to inactivating ROS, this adaptation period also prepares cells for harsher oxidative stress conditions, with ES7c-cleaved ribosomes potentially playing a role in this process. If the functional capacity of the ROS-protecting systems is exceeded and ROS continue to accumulate (H 2 O 2 11), the cells begin to experience severe oxidative stress, which is accompanied by expression of catalase Ctt1, further increase in ES7c-cleaved ribosomes, and appearance of other rRNA cleavages (sector 3). Finally, when ROS reach levels incompatible with cell viability (H 2 O 2 111), an apoptotic program is activated, during which ribosomes become extensively degraded (sector 4).
rRNA cleavage is an early marker of oxidative stress and visualized by methylene blue staining. Individual rRNA species were detected by Northern hybridizations using 32 Plabeled oligonucleotide probes as described (76) . We used the following probes: y500 against 18S rRNA (5Ј-AGAATTTCAC-CTCTGACAATTG), y503 (5Ј-ACCCACGTCCAACTGC-TGT), and y540 against 25S rRNA (5Ј-TCCTACCTGA-TTTGAGGTCAAAC).
To visualize spliced (HAC1 i ) and unspliced (HAC1 u ) HAC1 mRNA, membranes were hybridized in the Church buffer (77) at 50°C with a probe against the first HAC1 exon, which recognizes both HAC1 u and HAC1 i (38) . The probe was generated by PCR using genomic DNA as a template and primers 5Ј-AGC-GGATCCATGGAAATGACTGATTTTGAAC (forward) and 5Ј-TCTTGATCACTGTAGTTTCCTGGTCATC (reverse).
All hybridizations were analyzed using a Typhoon 9200 PhosphorImager and ImageQuant software (GE Biosciences). For quantification, volume of the hybridization signal corresponding to the fragment of interest was converted to phosphorimaging units, and the background (average image background) was subtracted. To correct for unequal loading between lanes, the data were normalized to the 18S rRNA signal in the same samples.
Sucrose gradient analysis
Sucrose gradient centrifugation analysis was performed as described in Ref. 78 . Briefly, the cells were treated for 5 min with 100 g/ml CHX prior to harvesting, pelleted by centrifugation, washed, and lysed by glass bead shearing in buffer A (100 mM NaCl, 3 mM MgCl 2 , 10 mM Tris-HCl, pH 7.4, 100 g/ml CHX, 200 g/ml heparin, and 100 M PMSF). Lysates were clarified by centrifugation, and an aliquot corresponding to 50 A 260 units was loaded onto 11 ml, 15-45% (w/v) sucrose gradients prepared in 70 mM NH 4 Cl, 4 mM MgCl 2 , and 10 mM Tris-HCl, pH 7.4. Gradients were centrifuged at 188,000 ϫ g at 4°C for 4 h 15 min (Beckman SW41Ti rotor, 36,000 rpm) and fractionated using a Beckman fraction recovery system connected to an EM-1 UV monitor (Bio-Rad). A 260 traces were digitally recorded using Windaq data acquisition software. RNA was extracted from each fraction by phenol/chloroform extraction followed by isopropanol precipitation and analyzed by Northern hybridizations (75) .
RT-qPCR
A total of 1.5 g of RNA was treated with 2 units of DNase (Thermo Fisher) in 100 l for 15 min at 37°C. RNA was purified by phenol/chloroform extraction, precipitated with isopropanol, annealed with an oligo(dT) 18 primer (0.4 M) at 65°C for 5 min, and reverse-transcribed using the ReverseAid enzyme (Thermo Fisher) for 1.5 h at 42°C. Reaction products were diluted to 150 l, and 5 l was used as a template for real-time qPCR using the SYBR FAST Universal qPCR Master Mix (KAPA Biosystems) on a Mastercycler ep realplex (Eppendorf) with an initial step at 95°C for 2 min and cycles at 95°C for 15 s, 55°C for 15 s, and 68°C for 20 s. All samples were analyzed in triplicate, and ACT1 was used to normalize the mRNA expression levels.
Primer extension
A total of 3 g of RNA from WT and tsa1⌬ cells treated with 20 mM DTT for 2 h was separated on a guanidine thiocyanatecontaining gel, and RNA was extracted from the ϳ2.8-kb fragment as described in Ref. 79 . RNA was annealed with 2 pmol of the 32 P-labeled primer Prex1 (5Ј-GACTCCTTGGTCCGT-GTTTC) for 5 min at 65°C and used for primer extensions as described (80) . Reaction products were purified by phenol/ chloroform extraction, precipitated with ethanol, dissolved in 10 l of loading buffer (95% formamide, 10 mM EDTA, 0.1% xylene cyanol, and 0.1% bromphenol blue, at final pH 11), and analyzed on a 6% polyacrylamide/urea gel. The sequencing reactions were performed with SequiTherm EXCEL II (Epicenter) using 250 ng of the pJD694 plasmid containing rDNA (81) as a template and the Prex1 primer.
Amplex Red assay
We used an Amplex Red Assay kit (Thermo Fisher) as described in Ref. 47 with a few minor modifications. Briefly, the same numbers of mid-log phase cells (as specified in figure legends) were collected, washed with PBS, and resuspended in 0.5 ml of the reaction buffer supplied with the kit. The cells were incubated for 30 min in a 30°C shaker and centrifuged, and 100 l of supernatant was taken into an Amplex Red assay reaction that was performed in triplicate according to the manufacturer's protocol. Oxidation of Amplex Red by horseradish peroxidase requires H 2 O 2 (from the sample) and produces resorufin, whose fluorescence was measured at 590 nm using a Synergy HT microplate reader (BioTek).
Cell viability and growth assays
A culture of wild-type BY4741 cells was diluted with YPDA to an A 600 of ϳ0.2, grown for 4 h, and diluted again to an A 600 of ϳ0.2. The cells were either left untreated or treated with 25, 50, or 100 M menadione for 2 h at 30°C with shaking. The total cell number in each culture was determined by counting multiple aliquots using a hemocytometer. Equal culture volumes were plated onto YPDA agar plates (five replicates for each culture). Colonies were counted after 2-3 days at 30°C, and both the colony number and total cell count were analyzed using GraphPad Prism 5.
For growth assays, yeast cultures were adjusted to an A 600 of ϳ0.1 with appropriate media, 200 l/well was inoculated into 96-well plates in three replicates, and the cultures were grown for 20 -24 h at 30°C with shaking. A 600 measurements were taken every 5 min and automatically recorded using a BioTek Synergy HT microplate reader. The lag-phase time and V max were determined using the instrument's Gen5 software; the doubling time was defined as Ln(2)/V max as described in Ref.
82.
FITC-annexin V staining and flow cytometry
To determine the number of apoptotic cells, an overnight culture was diluted with YPDA to an A 600 of ϳ0.2, grown for additional 4 h, and treated with oxidants. The cells were collected by centrifugation, washed, and converted to spheroplasts using a protocol modified from that described in rRNA cleavage is an early marker of oxidative stress Ref. 83 . We used Zymolase T-100 (Sunrise Science Products) at the final concentration of 30 g/ml in spheroplasting buffer (0.8 M D-sorbitol, 10 mM ␤-mercaptoethanol, 20 mM Tris-HCl, pH 7.4) for 15 min at 30°C. Efficiency of spheroplasting was monitored microscopically. Spheroplasts were washed twice with PBS, pH 7.0, and once in the 1ϫ binding buffer containing 0.6 M D-sorbitol, supplied with the Alexa Fluor 488 annexin V apoptosis kit (Thermo Fisher). Spheroplasts (2 ϫ 10 6 cells) were treated with FITC-annexin V and propidium iodide according to the manufacturer's recommendations. Annexin V-FITC-stained spheroplasts were analyzed using a BD Accuri C6 flow cytometer and FlowJo software (version 10).
